Abstract: Storm water runoff is perceived as a major source of pollutants that results in adverse environmental effects, but large-scale assessments are rarely conducted. The problem is particularly pronounced in southern California where 17 million people have rapidly developed coastal watersheds. The goal of this study was to make regionwide estimates of mass emissions, assess the relative contribution from urbanized watersheds, and compare pollutant flux from different land uses. A geographic information system-based storm water runoff model was used to estimate pollutant mass emissions based on land use, rainfall, runoff volume, and local water-quality information. Local monitoring data were used to derive runoff coefficients; over 1,700 storm water sampling events were used to calibrate and validate annual loadings. An average rainfall year produced I ,073x 10 9 L of runoff, 118,000 metric tons (MT) of suspended solids, 1,940 MT of nitrate-N, 108 MT of zinc, and 15 kg of diazinon. The majority of mass emissions were from urbanized watersheds except for suspended solids, total DDT, and chlorpyrifos. Agricultural areas had the greatest fluxes for pesticides, including total DDT and chlorpyrifos while open areas typically had the smallest.
Introduction
Storm water runoff is perceived to be a large source of pollutant loading, creating multiple ecological effects in receiving waters. Storm water runoff affects the water quality of coastal receiving waters in the southern California Bight (SCB) (Fig. 1) . For example, Bay et al. (1998) found that storm water is toxic to marine organisms; Schiff (2000) noted that storm water alters habitat quality; and Noble et al. (2000) found that runoff events increase the frequency that SCB beaches exceed water quality thresholds of concern.
Numerous sources of potential pollutants in storm water runoff exist, including contributions from urban activities such as industry, transportation, and residential development or from agricultural activities. This problem is exacerbated in the SCB where urbanIzation dominates most watersheds. Over 25% of the nations' coastal population lives in the SCB (Culliton et al. 1990 ). Approximately 17 million people live in the four coastal counties that border the SCB, a number that is expected to grow another three million by 2010 . 2003 . Separate discussions must be submitted for individual papers. To extend the closing date by one month, a written request must be filed with the ASCE Managing Editor. The manuscript for this paper was submitted for review and pu;;sible publication on April 12, 2001 ; approved on June 28. 2002. This paper is part of the Journal of Environmental Engineering. Vol. 129. No.4, April 1, 2003. ©ASCE. ISSN 0733-937212003/4-308 -3 [7/$ [8.00. Quantification of pollutant inputs from storm water runoff for large regions, such as the entire SCB, has rarely been attempted. Estimates of storm water mass emissions in the SCB have occurred largely as the result of special studies (Cross et al. 1992; Project 1973) . Although storm water runoff monitoring for mass emissions does occur in some parts of the SCB as part of the National Pollutant Discharge Elimination System (NPDES) permits for municipalities, the monitoring efforts are relatively isolated in their scope and methodology thereby lacking the integration required to make large regional assessments of storm water mass emissions. For example, only 5% of the SCB watershed area and 2% of the annual runoff volume were representatively monitored in 1994 (Schiff 1997) .
Modeling storm water mass emissions represents a costeffective alternative to empirically measuring storm water mass emissions over regional spatial scales. Unfortunately, modeling runoff mass emissions requires water quality information for each land use designated in the watershed. Previous modeling efforts have used land-use data from the EPA's National Urban Runoff Program (Guay 1990 ) or other regional data sets (Wong 1997; Escobar 1999; Burian and McPherson 2000) . Throughout the SCB, however, an extensive dataset exists for wet weather water quality from specific land uses. Approximately $1.5 million are spent cumulatively on storm water monitoring efforts in the SCB annually, with a large proportion expended on land use specific sampling.
There were two goals for this study. The first goal was to make an estimate of regionwide storm water runoff mass emissions to the SCB. A storm water runoff model was developed to make this estimate of mass emissions. The large, locally derived dataset was used to help calibrate and validate the model. The second goal for this project was to utilize the model to assess the effect of urbanized watersheds and determine the relative pollutant contributions from different sources (land uses) within urbanized watersheds. 
Methods

Model Development
We applied a simple model to estimate storm water runoff mass emissions to the SCB. Our model developed a relationship between rainfall and total storm runotT volume with an associated water quality concentration
where A=drainage area (km 2 ); i=rainfall (mm); c=runoff coefficient (unitless); Conc=water-quality concentration (mg/L); and k=constant (units conversion factor).
The simple model was similar to the EPA's Simple Method with the exception that the term used to incorporate events that produced no runoff was excluded.
Drainage Areas Hydraulic Unit Code (HUC) areas were followed to define the model domain. A geographical information system (GIS) was used to develop these spatial domains. The HUCs were downloaded from a data set created by the Interagency California Watershed Mapping Committee (Game 1998). These areas delineated the maximum spatial coverage of runoff that could reach the ocean. Fifteen HUCs were initially used in the SCB region covering approximately 27.380 km 2 that included San Diego. Orange. Riverside, Los Angeles. San Bernardino, Ventura, and Santa Barbara counties.
Watershed areas larger than 52 km 2 upstream of dams were removed from the model domain as represented by the USGS digital elevation model data (Fig. 1) . These areas were chosen based on local knowledge of dam operations and removed to produce a more accurate representation of actual runoff reaching the coastal ocean and reduce bias associated with runoff retention and constituent transformation. Dam information. location, size, drainage area, etc., was obtained from the California Department of Water Resources (Brooks 1999) . After dam removal, 191 watersheds remained in the model domain covering 14.652 km 2 (54% of the original area).
The land-use composition within each county was characterized (Table 1) . Detailed land-use data collected from a variety of sources was compiled in GIS to describe the watersheds (Governments 1993; Governments 1995; Project 1998; Escobar 2000) . Land-use resolution by each source varied, hence, land-use data were aggregated into six categories corresponding to agriculture, commercial. industrial, open. residential, and other urban. 
Rainfall
The Parameter-Elevation Regressions on Independent Slopes Model was employed to generate typical year annual rainfall volumes (Daly and Taylor 1998) . This model used rainfall data from 1961 to 1990 in conjunction with elevation information to determine rainfall across the model domain. The rainfall value at the centroid of each watershed was assigned to that watershed. Although average rainfall values were used for estimating runoff volumes. an attempt was made to assess interannual precipitation variability. To characterize the model's sensitivity to the interannual variability. precipitation data from local gauges were used to bracket the "typical" year values (NOAA 1999) . The 10th percentile was 47% less than the mean and the 90th, 165% greater.
Runoff Coefficients and Volume A bounded iterative optimization was used to empirically derive the runoff coefficients from local runoff data. The goal of the optimization was to produce a set of runoff coefficients for each land-use type within the SCB with minimal subjectivity. The technique entailed comparing the measured to modeled storm volumes and evaluating the residual differences. The sum of the residual differences was set to zero to minimize storm water load estimation bias. The runoff coefficients were bounded to ensure non-negativity and less than unity. Large watersheds had a proportionally large effect on the residual estimation. To minimize the influence of the larger watersheds over the smaller watersheds, the residuals were normalized with respect to drainage area. Bightwide optimized runoff coefficients were applied in conjunction with the watershed land-use patterns and typical year rainfall to estimate storm water runoff . Stream and rainfall data were used to calibrate and validate the storm water runoff model. Stream data were obtained from local monitoring programs and USGS-gauged sites (RWQCB 1999; Gonda 2000) . Rain data, at times, were collected at the same site as the stream data; but for the majority of the sites, rain gauges from within the watershed were used to assign a rainfall amount to a gage for a specific storm (RWQCB 1999) . Data collected by the San Diego, Orange, and Los Angeles county NPDES storm water monitoring programs were used for calibration (RWQCB 1999) . Storm water volume and rainfall data by storm event were collected from 1993 to 1999, with 214 calibration and 172 verification events from the three counties from 19 and 20 sites, respectively. The data set consisted of those storms that had overall runoff coefficients (rainfall volume to runoff volume ratio) between 0.01 and 1.0. Outliers were removed to ensure that runoff was the dominant forcing function. Events with extreme rainfall, beyond the 10th and 90th percentile, were removed. The resulting data set spanned a range of precipitation events from 2.54 to 56.9 mm.
Water Quality A total of 667 site-events from 45 sites were used to estimate water-quality parameters for model input (RWQCB 1999) . The data were collated from San Diego, Los Angeles, and Ventura County municipal storm water monitoring programs generated as part of their NPDES permit programs (Fig. I ). Sampling consisted of flow-weighted composite samples over the course of an entire storm event. Samples were collected from small, homogeneous land-use areas representative of five categories: agriculture (commercial, industrial. and residential) . Hence, we combined the land-use sites to derive the concentration for this land use. Since each of the constituent data sets followed a lognormal distribution, we used the geometric mean concentration for estimating average concentrations in each land use category. We also used the 10th and 90th percentile of each data set to estimate the variability associated with water quality. One factor that hindered our assessment of water quality was the effect of nondetectable (NO) quantities. To overcome the effect of truncated data sets, we set NO=O for estimating storm water loads. Since the true concentration is not known, the effect of ND was assessed by recalculating loading estimates using NO = 112 reporting level and ND=reporting level.
A summary of wet weather water quality results throughout the SCB was compiled by Schiff (I997) . This compilation in- 
Assessment
Watersheds were grouped into three categories based on their relative degree of urbanization. Less urbanized watersheds contained less than 30% residential, commercial, industrial, and other urban land uses. Similarly, moderately urbanized contained between 30 and 55% urban land uses and highly urbanized watersheds contained more than 55% urban land uses. The cutpoints for each category were based on a trimodal distribution of cumu- After modeling mass emissions, the loads from less, moderate, and highly urbanized watersheds were compared relative to their respective areas. To assess the potential contributions from each of the modeled land uses, the flux of constituents from residential, commercial, industrial, agricultural, and open land uses were calculated.
Results
Volume
Two hundred fourteen storms from 19 stations were used to calibrate the model (Fig. 2) . The simple runoff model was then validated with 172 events at 20 additional sites (Fig. 2) . The model An estimated 1,073X 10 9 L of storm water runoff is discharged to the SCB during a typical water year (Table 2) . Runoff coefficients and volume varied by land use in the SCB. The lowest runoff coefficients were for largely previous areas, such as open and agricultural land uses. Conversely, commercial and industrial land uses that are largely impervious had the highest-runoff coefficients. Residential land use, which had a median runoff coefficient, discharged the greatest volume of runoff due to its relatively large area (Table 2) .
Water Quality Compared to the other four land uses, agricultural storm water runoff had the greatest geometric mean concentrations of all but three of the 15 constituents evaluated (Table 3) . Constituent concentrations in agricultural areas were greater by a factor of 1.1 to 81, depending upon the constituent, compared to the constituent concentrations of the second ranked land use. Only the geometric mean concentrations of total phosphate and diazinon in residential land use exceeded concentrations in agricultural land use, but by less than 2%. There were two constituents (chlorpyrifos and total DDT) that were only detected in runoff from agricultural land use and no other. Mercury was not detected in agricultural runoff. In contrast to agricultural land use, open land use had the lowest geometric mean concentrations for all but two of the 15 constituents evaluated (Table 3 ). The two constituents were mercury and nickel. Open land uses had the greatest geometric mean concentrations of mercury, although all of the land-use concentrations were low (range=0.04 to 0.07 ug/L), and the second greatest geometric mean concentrations of nickel.
The urbanized categories of residential, commercial, and industrial land uses were relatively similar in geometric mean concentration for most constituents (Table 3) . No single urban land use consistently ranked higher than the other for the 15 constituents evaluated. For example, the industrial land use had the greatest geometric mean concentration of the three urban land uses for seven of the constituents, but was nondetectable for five other constituents. Residential land use had the greatest geometric mean concentration for two constituents, but was consistently detected for all but two constituents.
Storm Water Loads
Storm water runoff from coastal watersheds in the SCB produced substantial quantities of several constituents (Table 4) . More than 118,000 MT of suspended solids, 2,300 MT of nitrogenous compounds (nitrate and ammonia), and 147 MT of combined trace metals (cadmium, chromium, copper, lead, nickel, and zinc) are discharged annually. Although discharges of chlorinated hydrocarbons (total DDT) were estimated at over 19 kg in the typical year, most of the samples in the water quality database were below laboratory reporting levels. Modeled storm water loads for suspended solids, ammonia, nitrate, phosphate, chromium, copper, lead, and zinc were compared to empirically estimated loads, using measured flow and water quality concentrations, to the SCB for water year (WY) 1995 (Schiff.1997) . The regionwide rain forWY 1995 was 211% of normal based upon rainfall records for fi ve stations in San Diego, Los Angeles, and Santa Barbara counties (NOAA 1999) . Therefore, the loading model validation used rainfall for WY 1995.
A comparison of the empirical and modeled storm water loads for a valiety of constituents shows remarkable similarity (Fig. 3) . The modeled storm water loads were less than a factor of two, on average, different from the empirical load estimates for all constituents evaluated and none more than a factor of 2.1. There was a slight underestimated bias in the modeled results that were attributable to different spatial domains. The empirical data included the areas above the large dams where this effort did not, thus we were likely to underestimate the total loadings. However, error or bias was within the large range of water quality variability either estimated by the model or by empirically derived estimates of storm water loads.
Model Sensitivity
There was more uncertainty in the modeled estimates of mass emissions associated with water quality than with rainfall (Fig. 4) . The maximum uncertainty due to variability in rainfall ranged by a factor of three based on the 10th and 90th percentile of rainfall quantities. However, the difference between the 10th and 90th percentile of water quality concentrations generated mass emission estimates that differed by a factor of 30, on average, among the constituents with reportable estimates (Table 4 ). The largest ditTerence was for nickel (580-fold) and the smallest difference was for phosphate (2-fold). The comparison was confounded for four constituents because the lower bounds were below detection limits. The loads for chlorpyrifos, diazinon, and mercury were below detection limits when the 10th percentile was utilized. In
Storm water
Publicly owned treatment works" the case of diazinon, even the 90th percentile was below detection limits, indicating that the geometric mean concentration used in our model was biased by a limited number of samples.
The variable detection limits and number of samples less than the detection limit had an impact on the characteristic constituent concentrations. Samples below the detection limit biased the mean concentration and hindered mass emission estimates .. The modeled mass emissions were based on nondetect values assigned to zero. We investigated the impact of other nondetect assigning schemes on the total load to the SCB (Table 5) . Because data from different agyncies was used, detection limits varied widely for some constituents. As one might expect" those constituents with a large number of nondetects resulted in mass emission estimates that vary by an order of magnitude (e.g., chlorpyrifos, total DDT, diazinon, and mercury) whereas those constituents with a low proportion of nondetects changed much less (e.g. suspended soLids, copper, zinc, nitrate, and phosphate).
Assessment
The majority of storm water runoff mass emissions were generated from highly to moderately urbanized watersheds (Table 6) . Highly urbanized and moderately urbanized watersheds represented approximately half of the watershed area and contributed the majority of mass emissions for 10 of 15 constituents. Except for chlorpyrifos, chromium, total DDT, nickel, and suspended solids, highly to moderately urbanized watersheds generated between 56 and 87% of the total storm water runoff loads to the coastal oceans of the SCB. Highly urbanized watersheds, in particular, generated a disproportionate amount of load relative to its 32% of total watershed area. Between 45 and 56% of the total storm water load for nutrients (i.e., ammonia, nitrate, and ph os- Escobar (1999) Stephenson ( phate), 21 and 60% of the trace metals (e.g., copper and zinc) or 9% and 67% pesticides (Le., chlorpyrifos and diazinon) were generated from highly urbanized land uses. Differences were observed among watershed types partly because storm water runoff mass emissions were not generated evenly across land use types (Table 7) . Pollutant fluxes are higher from urban or agricultural land uses than fluxes from other land uses. Commercial and industrial land uses had the highest pollutant fluxes among land uses for 4 of the 15 constituents including some trace metals. Agricultural land uses had the greatest fluxes for pesticides such as total DDT and chlorpyrifos. In contrast, open land uses had the lowest fluxes for all constituents.
Discussion
The model developed in this study generated large estimates of volume and mass emissions for the SCB region. The storm water mass emission estimates predicted in this paper exceed the estimates of cumulative mass emissions from traditional point sources within the SCB including publicly owned treatment works (P01Ws). Altogether, large P01Ws in the SCB discharge more than 1.5 billion liters of treated municipal wastewater and large quantities of many constituents including suspended solids, nutrients and trace metals to the ocean offshore the SCB (RacoRands and Steinberger 2001). Storm water had higher-mass emissions than P01Ws for eight of the twelve constituents considered (Table 8 ). The storm water mass emissions, placed in this context, represent a pressing environmental management concern in the SeB.
Predicted runoff volumes approximated actual runoff volumes with a relatively high degree of accuracy, largely due to the optimization routine used to derive runoff coefficients. The optimized runoff coefficients were generally lower than are typically used in watershed modeling applications similar to the present study (Table 9 ). However, the runoff coefficients used in these other modeling efforts have been based on the percent imperviousness while rainfall-runoff data were used as the basis of coefficients in this study. Given the size of the modeled area and land-use aggregation, optimizing the runotf coefficients with empirical data provided accurate estimates of the expected runoff coefficients throughout the region, based on verification studies at gages sites.
The large quantity of water quality data provided a good base from which to calibrate and validate storm water runoff load estimates. The data collected for southern California for this modeling effort included storm water volume and water quality data for 1,766 station events. This data set provided one of the more extensive water quality data sets in the nation. For example, recently, comprehensive data set of 816 station events from over 30 NPDES programs nationwide was compiled. The level of effort expended in the SCB is of similar magnitude as the Nationwide Urban Runoff Program, which sampled approximately 2,000 station events at 28 cities.
Although the region wide water quality data set appears extensive, it was limited in three ways. First, the storm water sampling strategy for each county concentrated on urbanized areas and the data set was sparse for some land-use types. Specifically, the agriculture category was not represented well with only two agriculture land lise sites. These data were used to extrapolate the runoff characteristics of all agricultural areas in the region, a practice that may bias the modeling results. The second limitation of the water quality data set was lack of samples for specific constituents. For example, some organophosphate pesticides (i.e .. diazinon and chlorpyrifos) were sampled less frequently than other constituents. The third factor was reduced sample size, particularly of important constituents, which limited our ability to model representative concentrations. Loading estimates to the SeB were affected by the treatment of values below detection limits. Estimates varied by up to several orders of magnitude depending on the number of values below the detection limit. Obtaining data with sufficient resolution was critical to reduce this variability, especially with trace constituents (e.g., total DDT and mercury).
The model provided an estimate of the mass loading to the SeB during a typical year. We saw that the model was sensitive to rainfall, but more so to water quality concentrations. Constituent concentrations from a given land use will vary from site to site and storm to storm. This variability is magnified when the area of interest is expanded from single land-use areas to watersheds because of runoff behavior and complexity. Our assumptions were based on investigating long-term loading to the SCB, but understanding interstorm and intrasite variability is critical to estimate loads on a shorter time scale.
Although model predictions are robust (as demonstrated by the validation data, Fig. 2) all .models have limitations. Our simple runoff model made many assumptions, the largest of which was that pollutants near the coast are transported with equal efficiency as those that originate in headwater regions. We know this is not the case, particularly for those constituents that can transform or degrade, such as nutrients and bacteria. To overcome these assumptions, more complex models such as HS P F (Bicknell et al. 1997) , SWMM (Huber and Dickinson 1988) , or SPARROW (Smith et a1. 1997 ) are required to incorporate additional hydraulic, hydrodynamic, and water quality processes.
